Elevated atmospheric CO 2 improves leaf photosynthesis and plant tolerance to heat stress, however, the underlying mechanisms remain unclear. In this study, we exposed tomato plants to elevated CO 2 (800 µmol mol −1 ) and/or high temperature (42 • C for 24 h), and examined a range of photosynthetic and chlorophyll fluorescence parameters as well as cellular redox state to better understand the response of photosystem II (PSII) and PSI to elevated CO 2 and heat stress. The results showed that, while the heat stress drastically decreased the net photosynthetic rate (P n ), maximum carboxylation rate (V cmax ), maximum ribulose-1,5-bis-phosphate (RuBP) regeneration rate (J max ) and maximal photochemical efficiency of PSII (F v /F m ), the elevated CO 2 improved those parameters under heat stress and at a 24 h recovery. Furthermore, the heat stress decreased the absorption flux, trapped energy flux, electron transport, energy dissipation per PSII cross section, while the elevated CO 2 had the opposing effects that eventually decreased photoinhibition, damage to photosystems and reactive oxygen species accumulation. Similarly, the elevated CO 2 helped the plants to maintain a reduced redox state as evidenced by the increased ratios of ASA:DHA and GSH:GSSG under heat stress and at recovery. Furthermore, the concentration of NADP + and ratio of NADP + to NADPH were induced by elevated CO 2 at recovery. This study unraveled the crucial mechanisms of elevated CO 2 -mediated changes in energy fluxes, electron transport and redox homeostasis under heat stress, and shed new light on the responses of tomato plants to combined heat and elevated CO 2 .
INTRODUCTION
Since the initial era of plant establishment in the terrestrial ecosystem, photosynthesis has been serving as a key process for sustaining any life forms on the earth (Cousins et al., 2014; Brestic et al., 2018) . Carbon dioxide (CO 2 ) is the basic input for the photosynthesis in green plants; however, excess or low CO 2 has diverse effects on plant growth and productivity (Amthor, 1995; Sage and Coleman, 2001) . Over the last couple of centuries, the concentration of atmospheric CO 2 has increased tremendously. It is projected that global atmospheric CO 2 concentration will be doubled (800 ppm) by the end of the 21st century (Field et al., 2014) . However, due to sessile life style, plants have to endure unfavorable weather events such as high temperature, cold, drought, flood and salinity (Ahuja et al., 2010; Ohama et al., 2017) . Elevated atmospheric CO 2 concentrations can not only improve plant growth and productivity, but also enhance plant tolerance to a range of abiotic stresses including high temperature and drought (AbdElgawad et al., 2015; Zinta et al., 2018) . However, the mechanisms of plant responses to combined heat and elevated CO 2 remain poorly understood (Cassia et al., 2018; Zhang et al., 2018; Zinta et al., 2018) .
Photosynthesis is one of the most temperature-sensitive processes in plants and growth temperature is a key factor as it determines the CO 2 fixation capacity as well as the activity of photosynthetic apparatus (Brestic et al., 2018) . Being sessile, most plants inherently possess the ability to adjust their photosynthetic characteristics following a change in their growth temperatures. Heat stress causes dehydration in aerial plant parts, oxidative damage to biomembranes due to increases in reactive oxygen species (ROS) production, decreased growth and a consequent reduction in water use efficiency (Li et al., 2016; Jayawardena et al., 2017) . Damage to any component of photosynthesis such as photosynthetic pigments, the two photosystems (PS I & II), electron transport chain, and CO 2 reduction pathways, is sufficient enough to hinder the overall photosynthetic mechanism of a plant (Brestic et al., 2018) . Among those key components, photosystem II (PSII) is the most thermosensitive and thus inhibition of photosynthesis may appear before the impairment of other cellular functions following heat stress. Heat stress results in inhibition or inactivation of PSII by degrading the reaction center (RC)-binding protein D1 of PSII (Yoshioka et al., 2006) .
Chlorophyll fluorescence measurements have been implicated as non-invasive, rapid and easy to use methods for the evaluation of thermotolerance in plants (Rapacz, 2007; Yan et al., 2013; Li et al., 2016; Brestic et al., 2018) . Concerning the chlorophyll fluorescence parameters, most of the studies focused mainly on the maximal photochemical efficiency of PSII (F v /F m ) Li et al., 2015) , however, the F v /F m represents the efficiency that absorbed photons are used for photochemistry (Force et al., 2003; Strasser et al., 2004) . Therefore, impairment in energy flow from Q A due to decreased carboxylation or reduced pool size of acceptors may not affect the F v /F m ratio. The JIP-test of the fast fluorescence transient was developed by Strasser and Strasser (1995) , which made possible to analyze specific details of changes in energy transfer within the PSII (Yan et al., 2013) . These measurement help to establish the relationships between primary photochemistry and the requirement for electrons in later stages of photosynthetic metabolism and can describe the linkage between the biophysical signatures (chlorophyll fluorescence) and the biological functions (Strasser et al., 2004) . Previous studies of changes in chlorophyll fluorescence under heat stress have revealed that the imbalance in light absorption and utilization triggers excessive production of ROS that cause damage to photosynthetic apparatus (Li et al., 2016) . Particularly, aerial heat stress suppresses photosynthesis mainly by inactivating PSII acceptor side. Despite the stimulatory effect of elevated CO 2 on photosynthesis under heat stress, how energy absorption, distribution, electron transport through PSII and I are influenced in response to elevated CO 2 remains unclear.
Tomatoes (Solanum lycopersicum L.) are cultivated as an annual vegetable crop worldwide. Similar to the field-grown tomatoes, greenhouse tomatoes also face challenges from various environmental stressors such as high temperature and salinity as the infrastructures at the farmers' levels are not automated and have no precise temperature control systems in the developing countries like China Yi et al., 2018) . Moreover, boosting crop yield by CO 2 enrichment without sufficient control on the atmospheric temperature often exposes a plant to such unfavorable greenhouse conditions. Previously, we found that elevated CO 2 could alleviate heat stress by modulating antioxidant defense system, which was independent of NPR1-dependent salicylic acid signaling and ABA-dependent process in Arabidopsis and tomato, respectively Li et al., 2015) . However, how elevated CO 2 changes photosynthesis, photochemical efficiency and primary photochemistry in leaves under heat stress remains elusive. In the current study, we evaluated a range of photosynthetic and chlorophyll fluorescence parameters as well as cellular redox state to gain mechanistic insights into the response of PSII and PSI to combined heat and elevated CO 2 . The results of this study suggest that elevated CO 2 could alleviate the heat stress-induced functional limitations to photosynthesis in tomato leaves.
MATERIALS AND METHODS

Plant Materials and Growth Conditions
Tomato (S. lycopersicum L. cv. Hezuo 903) plants were cultured in the controlled growth chambers having following conditions: 600 µmol m −2 s −1 photosynthetic photon flux density (PPFD), 14 h photoperiod, 26/22 • C (day/night) air temperature and 75% relative humidity. Briefly, one healthy seedling was grown per plastic pots (diameter, 10.5 cm; depth, 17.5 cm) containing a mixture of peat, vermiculite and perlite (6:3:1, v:v:v) . Optimum moisture in growth media was maintained by daily watering, while fertilization was done with Hoagland's nutrient solution at 3 day interval. At the four-leaf stage, the seedlings were transferred to controlled environment cabinets (E8 Growth Chamber, Conviron, Winnipeg, MB, Canada), where the atmospheric CO 2 was maintained at either 380 µmol mol −1 or 800 µmol mol −1 , corresponding to "ambient CO 2 " and "elevated CO 2 " conditions, respectively. The chambers had advanced control system to ensure a consistent temperature and gas level throughout the chambers. After an acclimation period of 48 h, half of the seedlings from both CO 2 conditions was challenged with a 24 h heat stress (42 • C temperature) and then allowed to recover for 24 h. All gas exchange, chlorophyll fluorescence and biochemical parameters were analyzed after 24 h from the commencement of heat stress and at a 24 h recovery following the heat stress. Treatments were replicated four times, where each replicate represents six seedlings.
Estimation of Photosynthesis and RuBisCO Carboxylation Capacity
Net photosynthetic rate (P n ) was measured on the third fully expanded leaves using an open-flow infrared gas analyzer adapted with light and temperature control systems (Li-COR 6400, Li-COR, Lincoln, NE, United States). To determine RuBisCO carboxylation capacity, leaf net CO 2 assimilation rates (A) in response to CO 2 , were measured between 1,600 and 10 µmol m −2 s −1 . Following method of von Caemmerer and Farquhar (1981) , an assimilation versus intercellular CO 2 concentration (A/Ci) curve was measured in which the leaf temperature and PPFD were maintained at 25 • C and 600 µmol m −2 s −1 , respectively. The maximum carboxylation rate of Rubisco (V cmax ) and maximum rates of RuBP regeneration (J max ) were estimated by fitting a maximumlikelihood regression below and above the inflection of the A/Ci response according to the method described by Ethier and Livingston (2004) .
Measurement of Maximal Photochemical Efficiency of PSII, Quantum Yield and Electron Transport in PSI and PSII
Chlorophyll fluorescence parameters such as maximum photochemical efficiency of PSII (F v /F m ) was measured on the third fully expanded leaves after 30 min of dark adaptation using an imaging pulse amplitude modulated (PAM) fluorimeter (IMAG-MAXI; Heinz Walz, Effeltrich, Germany) as described previously . A simultaneous measurement of quantum yield of PSI [Y(I)] and PSII [Y(II)] in tomato leaves was performed with a Dual-PAM-100 system (Heinz Walz, Effeltrich, Germany) on the measure mode of Fluo+P700 (Pfündel et al., 2008) . F 0 , the minimum fluorescence, was monitored under a weak light pulse (<0.1 µmol m −2 s −1 ). A saturating pulse (10,000 µmol photons m −2 s −1 ) was then applied to obtain the maximum fluorescence after dark adaptation (F m ). The maximum photochemical efficiency of PSII (F v /F m ) was calculated using the experimentally determined F 0 and F m , where Fv was the difference between F 0 and F m . The P700 + signals (P) could vary between a minimum (P700 fully reduced) and a maximum level (P700 fully oxidized). The maximal photo-oxidizable P700 signal (P m ) was measured through the application of a saturation pulse (10,000 µmol photons m −2 s −1 ) after pre-illumination of far-red light for 10 s. The maximum P700+ signal (Pm') was determined similar to P m but with actinic light instead of far-red light. The slow induction curve was recorded for 300 s to achieve the steady state of the photosynthetic apparatus, and then the actinic light was Pfündel et al., 2008) . Photosynthetic electron flow through PSI and PSII were calculated as: ETRII = Y(II) × PPFD × 0.84 × 0.5 (Krall and Edwards, 1992) , ETRI = Y(I) × PPFD × 0.84 × 0.5 (Yamori et al., 2011) , where 0.5 is assumed to be the proportion of absorbed light reaching PSI or PSII, and 0.84 is assumed to be the absorptance (the fraction of the incident light absorbed by leaves).
Histochemical Detection of H 2 O 2 and O
•−
Accumulation
Accumulation of H 2 O 2 and O
•− 2 in leaves was visually detected by staining with 3,3-diaminobenzidine (DAB) following method of Thordal-Christensen et al. (1997) . Freshly detached leaves were submerged in 1 mg mL −1 solution of DAB (pH 3.8) and incubated for 6 h at 25 • C. Leaves were then bleached with boiling ethanol (96%, v/v). Bleaching washed out the pigments of leaves except for the deep brown polymerized product of DAB and H 2 O 2 reaction. Ascorbic acid was used as antioxidant to confirm that brown spots correspond to H 2 O 2 formation. DAB stained leaves were observed and photographed with a light microscopy system (Leica DM4000B & DFC425, Leica micro-system Ltd., Heerbrugg, Germany). O
•− 2 accumulation in leaves was visualized according to Jabs et al. (1996) through the incubation of leaves in p-Nitro-Blue Tetrazolium chloride NBT (0.5 mg mL −1 , pH 7.8) solution in dark.
Polyphasic Fluorescence Transients and JIP-Test Parameters
Tomato leaves were dark adapted for 15 min. Then, chlorophyll fluorescence transients were recorded up to 1 s on a logarithmic timescale with a Dual-PAM-100 system (Heinz Walz, Germany). Data were obtained every 20 µs. The polyphasic fluorescence induction kinetics was analyzed according to the JIP test (Strasser and Govindjee, 1992) . Initial fluorescence (F 0 ) was measured at 20 µs using the fast-rise kinetic curves when all PSII RCs are open. F 300µs is the fluorescence at 300 µs; F J and F I are the fluorescence intensity at step J (2 ms) and at step I (30 ms), respectively. The maximal fluorescence (F m ) is the peak of fluorescence at the step P when all RCs are closed. Area is total complementary area between fluorescence induction curves. As described by Strasser and Strasser (1995) and Strasser et al. (2004) , parameters quantifying the PSII behavior, such as absorption flux (ABS), trapped energy flux (TR), electron transport flux (ET), dissipated energy flux (D), and density of PSII RC per excited cross section (at t = t Fm , CS m ) were calculated from the above original data as follows:
Assay of NADPH and NADP + For the extraction of NADPH and NADP + , 0.3 g fresh leaf tissues were directly homogenized with either 3.0 mL of 0.2 M NaOH or 3.0 mL of 0.2 M HCL, respectively (Zhao et al., 1987) . Each homogenate was made to 10 mL with respective NaOH or HCL solution and heated for 5 min in a boiling water bath followed by cooling in an ice bath. Samples were then centrifuged at 10,000 × g at 4 • C for 10 min. Supernatants were transferred to separate tubes and kept on ice for coenzyme assay. Enzyme cycling assays of NADPH and NADP + were performed in low light with MTT as the terminal electron acceptor. Briefly, 50 µL sample supernatant was added to 500 µL mixture containing 0.1 M Tricine-NaOH buffer (pH 8.0), 10 mM EDTA (disodium salt), 1 mM MTT, 2 mM phenazine ethosulfate (PES) and 5 mM G6P, and incubated for 5 min at 37 • C. Enzyme cycling was initiated by adding 2 U G6PDH solution and the reaction was stopped by adding 500 µL of 6 M NaCl. Each sample was assayed at 30 • C for 30 min. With each biological sample, a blank measurement was also made by adding 0.1 M TricineNaOH buffer instead of enzyme. Absorbance was recorded at 570 nm. The rate of reduction of MTT at 570 nm is directly proportional to the concentration of NADPH or NADP + (Zhao et al., 1987) .
Measurement of Ascorbate-Glutathione Pool
Tomato leaf tissue (0.3 g) was homogenized in 2 mL 6% metaphosphoric acid containing 2 mM EDTA and centrifuged at 4 • C for 10 min at 12,000 × g. The supernatants were used for the determination of ascorbate (AsA), dehydroascorbate (DHA), reduced glutathione (GSH) and oxidized glutathione (GSSG). The AsA and DHA contents were assayed following method of Law et al. (1983) as described elsewhere . The GSH concentration was measured by subtracting the GSSG concentration from the total glutathione concentration according to Rao et al. (1995) by an enzymatic recycling method. All of the spectrophotometric analyses were performed using the Multimode Plate Reader Label-free System (PerkinElmer, Wellesley, MA, United States).
Statistical Analysis
The data were expressed as means ± SD. Statistical analysis was performed using analysis of variance (ANOVA) followed by the Tukey's test to compare significant treatment differences at P < 0.05. At least four independent replicates were conducted for each determination.
RESULTS
Elevated CO 2 Improves Photosynthesis, RuBisCO Carboxylation and Regeneration Capacity Under Heat Stress in Tomato
To understand the photosynthetic response of tomato plants to elevated CO 2 and/or heat treatments, we first measured the net photosynthetic rate (P n ) both under heat stress and at recovery. The results showed that heat stress drastically decreased the P n by 57% and it was not fully restored to the control level at recovery (Figure 1) . On the contrary, elevated CO 2 exhibited a profound stimulatory effect on the P n with or without heat stress. Under normal temperature conditions, elevated CO 2 increased the P n by 45%, while under heat stress and at recovery, elevated CO 2 increased the P n by 116 and 96%, respectively. Similarly, heat stress decreased the V cmax and J max by 41% compared with that under normal temperature conditions (Figure 1) . Although V cmax but not J max remarkably increased at recovery, it was still significantly lower than that of control. By contrast, combined heat stress and elevated CO 2 significantly increased the V cmax and J max both under heat stress and at recovery compared with that of ambient CO 2 .
Elevated CO 2 Protects PSII Capacity by Lowering ROS Accumulation in Tomato Leaves
As shown in Figure 2 , heat stress significantly decreased the F v /F m by 58%, which was slightly increased after a 24 h recovery period but still remained below the level of control. On the other hand, elevated CO 2 increased the F v /F m by 60 and 14% under heat stress and at recovery compared with only heat stress and recovery treatments, respectively. Notably, elevated CO 2 had no effect on the F v /F m under normal temperature conditions. To explore whether elevated CO 2 -induced heat stress mitigation was associated with the reduced ROS accumulation, we histochemically detected O (Figure 2) , indicating that elevated CO 2 protected PSII by reducing the heat stress-induced ROS accumulation.
Frontiers in Plant Science | www.frontiersin.orgFIGURE 1 | Effects of elevated CO 2 and heat stress either alone or combined on the CO 2 assimilation capacity in tomato leaves. (A) the net photosynthetic rate (P n ); (B) the maximum carboxylation rate of RuBisCO (V cmax ), (C) the maximum rate of RuBP regeneration (J max ). At the four-leaf stage, tomato seedlings were exposed to either ambient (380 µmol mol −1 ) or elevated CO 2 concentration (800 µmol mol -1 ). After an acclimation period of 48 h, half of the seedlings from both CO 2 conditions was challenged with a 24 h heat stress (42 • C temperature) and then allowed to recover for 24 h. Measurements were taken on the third fully expanded leaves using an open-flow infrared gas analyzer adapted with light and temperature control systems (Li-COR 6400, Li-COR, Lincoln, NE, United States). The results are expressed as the mean values ± SD, n = 6. Different letters above the bars indicate significant differences at P < 0.05 according to Tukey's test.
Elevated CO 2 Modulates Photochemical Reactions Under Heat Stress in Tomato Plants
To further elucidate how elevated CO 2 and/or heat stress altered PSII activity, we constructed the leaf models of phenomenological energy fluxes (Figure 3) per cross section by using the following parameters: the absorption flux per cross section (ABS/CSm), the trapped energy flux per PSII cross section (TR/CSm), the electron transport in PSII cross section (ET/CSm), the energy dissipation per PSII cross section (D/CSm) and the density of active RCs/CSm. The phenomenological pipeline models of energy fluxes showed that heat stress significantly decreased ABS/CSm, TR/CSm, E/CSm and D/CSm by 34, 36, 36 and 11%, respectively (Figure 3) . The decreases in those parameters were slightly attenuated at the recovery, however, combined heat stress and elevated CO 2 significantly improved ABS/CSm, TR/CSm and E/CSm by 27, 22 and 41%, respectively, compared with that under only heat stress. The elevated CO 2 -induced stimulation on those parameters was also noticeable after the recovery period. For instance, at recovery, the D/CSm under elevated CO 2 increased to the level of only elevated CO 2 , which potentially facilitated the dissipation of excess light energy. In addition, the density of active RCs, as indicated by the number of open circles, was also reduced by the heat stress; however, the elevated CO 2 slightly decreased the inactive RC density, as indicated by the number of closed circles, both under heat stress and at recovery (Figure 3) .
Next, we evaluated some other photochemical reactionrelated parameters of the PSI and PSII. Consistent with the changes in F v /F m , heat stress decreased Y(II) and Y(I) by 56 and 51%, respectively, compared with that of control (Figure 4) . In addition, electron transport driven by PSII and PSI significantly decreased by 55 and 50%, respectively, under the heat stress compared with that of the control. While a portion of the absorbed light energy is used for photosynthesis, i.e., photochemistry, the rest is dissipated in the form of heat to minimize excess energy-induced damage to photosynthetic apparatus. Furthermore, heat stress significantly increased the extent of damage to PSII and PSI as evidenced by the increased values of Y(NO) in PSII and Y(NA) in PSI (Figure 4) . However, at recovery, elevated CO 2 significantly reduced the heat-induced damage to PSII and PSI as evidenced by decreased Y(NO) and Y(NA) values. The dissipation related to light protection capacity of plants, which is represented by the Y(NPQ) in PSII and Y(ND) in PSI, increased significantly by 106 and 116%, respectively, under the heat stress. However, elevated CO 2 significantly decreased the heat-induced increase in Y(ND).
Effects of Elevated CO 2 and/or Heat Stress on the Acceptor Side in Electron Transport Chain
Next, we biochemically analyzed the oxidized nicotin amide adenine (NADP + ) concentration, which is the terminal electron acceptor, in the electron transport chain. As shown in Figure 5 , under heat stress, NADP + was at the level of control; however, at recovery, NADP + significantly decreased. Interestingly, neither NADP + was increased by the elevated CO 2 , nor the NADPH was altered by heat and/or elevated CO 2 . Similar to the trend of NADP + , the ratio of NADP + to NADPH decreased only at recovery, which was reversed by the combined heat and elevated CO 2 .
Elevated CO 2 Improves Redox Homeostasis in Tomato Leaves Under Heat Stress
ASA-GSH pool plays a critical role in redox homeostasis in plants. Heat stress significantly decreased total ascorbate (ASA+DHA) concentration but increased the ratio of ASA to DHA (ASA/DHA) by 18 and 63%, respectively, compared with that of control (Figure 6 ). These effects of heat stress 2 ) and hydrogen peroxide (H 2 O 2 ) by NBT and DAB staining in tomato leaves. Tomato seedlings kept at ambient (380 µmol mol −1 ) and elevated CO 2 concentration (800 µmol mol −1 ) were challenged with a 24 h heat stress (42 • C temperature) and then allowed to recover for 24 h. F v /F m was measured on the third fully expanded leaves after 30 min of dark adaptation using an imaging pulse amplitude modulated (PAM) fluorimeter (IMAG-MAXI; Heinz Walz, Effeltrich, Germany). The results are expressed as the mean values ± SD, n = 6. Different letters above the bars in (B) indicate significant differences at P < 0.05 according to Tukey's test.
FIGURE 3 | Energy pipeline leaf model of phenomenological fluxes (per cross section, CS) in the third fully expanded leaf in tomato as influenced by elevated CO 2 and heat stress. The results are expressed as the mean values ± SD, n = 6. Each relative value is drawn by the width of the corresponding arrow, standing for a parameter. Different letters within the same color arrows indicate significant differences at P < 0.05 according to Tukey's test. Empty and full black circles indicate, respectively, the percentage of active (QA reducing) and non-active (non-QA reducing) reaction centers of photosystem II (PSII); ABS/CSm, the absorption flux per cross section; TR/CSm, the trapped energy flux per PSII cross section; ET/CSm, the electron transport in PSII cross section; D/CSm, the energy dissipation per PSII cross section; and RC/CSm, the density of active reaction centers. FIGURE 4 | Effects of elevated CO 2 and heat stress either alone or combined on different chlorophyll fluorescence parameters in tomato plants. Tomato seedlings kept at ambient (380 µmol mol −1 ) and elevated CO 2 concentration (800 µmol mol −1 ) were challenged with a 24 h heat stress (42 • C temperature) and then allowed to recover for 24 h. The bars (means ± SD, n = 6) labeled with different letters are significantly different at P < 0.05 according to Tukey's test. The effective quantum yield of PSII, Y(II); electron transport rate in PSII, ETR(II), non-photochemical quenching, Y(NPQ); non-regulated non-photochemical energy loss in PSII (non-regulated energy dissipation at PSII centers), Y(NO); effective quantum yield of PSI, Y(I), electron transport rate in PSI, ETR(I); non-photochemical energy dissipation in PSI due to acceptor side limitation (acceptor-limited quenching), Y(NA); and non-photochemical energy dissipation in PSI due to donor side limitation (donor-limited quenching), Y(ND).
on the ASA pool persisted even after the recovery period and the elevated CO 2 treatment had no additional effect on ASA+DHA concentration. However, elevated CO 2 treatment on heat-stressed plants further increased the ASA/DHA ratio by 32% compared with the only heat stress. Furthermore, heat stress increased the ratio of GSH to GSSG (GSG/GSSG) without altering the total glutathione concentration (GSH+GSSG). Elevated CO 2 treatment further increased the GSH/GSSG ratio by 45 and 31% under the heat stress and at recovery, respectively, compared with their respective only treatment without elevated CO 2 . All these results indicate that elevated CO 2 helped the plants to maintain a reduced redox state as evidenced by the increased ASA/DHA and GSH/GSSG values under combined heat stress and elevated CO 2 .
DISCUSSION
Rising temperature and elevated CO 2 differentially affect plant photosynthetic process (Xu et al., 2015) . Heat stress-induced reductions in the photosynthetic capacity due to suppression of RuBisCO activity and RuBP regeneration capacity result in FIGURE 5 | Effects of elevated CO 2 and heat stress either alone or combined on the electron acceptor site in tomato leaves. NADP(H) concentrations were assayed after 24 h heat treatment and at 24 h recovery after the heat stress. Data are the means of four replicates (±SD). Mean denoted by different letters indicate significant differences between the treatments (P < 0.05).
reduced consumption of energy equivalent (ATP, NADPH) in the Calvin cycle and thus can increase demand for excess energy dissipation and alternative electron sinks (Lawlor and Tezara, 2009; Ohama et al., 2017 ). In the current study, we found that heat stress-caused drastic reduction in CO 2 assimilation rate was attributed to simultaneous declines in V cmax and J max (Figure 1) . Furthermore, heat-induced excessive production of ROS caused damage to photosynthetic apparatus as evidenced by decreased F v /F m , low electron transport rate and altered oxidized and reduced states of PSII and PSI (Figures 2-4) . On the other hand, elevated CO 2 remarkably attenuated heat-induced damage to photosynthetic apparatus and promoted electron transport in PSII and PSI by maintaining proper redox balance (Figure 6) .
Previous studies have shown that elevated CO 2 can alleviate stress-induced reduction in photosynthetic rate (Cassia et al., 2018 ). In the current study, we mainly focused on the nonstomatal factors to explore whether and how elevated CO 2 alters intrinsic photosynthetic capacity and energy conversion.
We found that elevated CO 2 -induced increase in the net photosynthetic rate (P n ) was accompanied with the simultaneous increases in V cmax and J max (Figure 1) , indicating that increased carbon fixation capacity under elevated CO 2 was partly attributed to increased RuBisCO carboxylation efficiency and RuBP regeneration capacity. It is to be noted that elevated CO 2 decreases allocation of electron transport to photorespiration and increases the electron flow to RuBisCO carboxylation (Robredo et al., 2010) . Such mechanisms potentially functioned in the current study, which resulted in the promotion of photosynthesis. While majority of the relevant studies often used F v /F m , which is just one of a number of chlorophyll fluorescence parameters (Force et al., 2003) , we used fluorescence transient, particularly, the JIP-test that quantified the stepwise flow of energy through PSII (Strasser and Strasser, 1995) . This simplified model of the energy fluxes defines energy into an absorbed flux (ABS), a trapping flux (TR, the flux channeled to the RC reducing Q A to Q − A ), an electron transport flux (ET, the flux transported beyond Q − A which is re-oxidized to Q A ) and a flux of nontrapped energy that is dissipated as heat and some fluorescence (D). As shown in the energy pipeline models (Figure 3) , heat stress sharply decreased the ABS, TR, ET and D per cross section. However, elevated CO 2 increased those parameters particularly at the recovery.
In the current study, heat-induced reduction in the Y(II) values were primarily due to higher regulated non-photochemical energy dissipation, as reflected by the increased Y(NPQ) values compared with that in the control. However, the higher Y(NO) at recovery compared to that under heat stress potentially indicates an adaptation response since the F v /F m increased and ROS accumulation decreased at recovery compared to that under heat stress (Figures 2, 4) . Meanwhile, elevated CO 2 decreased quantum yield of non-light-induced nonphotochemical fluorescence quenching, i.e., Y (NO) caused by higher fraction of closed PSII centers, leading to a significantly increased Y(II) value compared with that in ambient CO 2 (Figure 4) . However, Y(NPQ) was not altered by elevated CO 2 , implying that elevated CO 2 -induced increased P n serves as a major sink for ATP and NADPH that potentially lowered the necessity for thermal dissipation of energy (Figure 4) .
Furthermore, we found that the photochemical yield of PS I, Y(I), was slightly higher than that of PSII regardless of heat stress and/or CO 2 conditions. The low Y(I) value in heat-stressed leaves was attributed to both donor and acceptor side limitation of PS I, as evidenced by significantly increased Y(ND) and Y(NA), respectively (Figure 4) . Our results are in agreement with Li et al. (2016) , who inferred that heat stress affected PSII at both donor and acceptor sides and thus limiting photosynthesis. It also reflects that heat stress altered the balance of PSI between reduced and oxidized states. While elevated CO 2 mainly alleviated donor side limitation under the heat stress, it markedly reduced acceptor side limitation at recovery, as reflected by the decreased Y(NA) value compared with ambient CO 2 conditions (Figure 4) . The increased Y(NA) levels following heat at ambient CO 2 conditions suggest that P700 was potentially over-oxidized which promoted the generation of ROS and caused damage FIGURE 6 | Effects of elevated CO 2 and heat stress either alone or combined on the ascorbate-glutatione (AsA-GSH) pool and redox state in tomato leaves. Leaf samples for biochemical analysis were harvested after 24 h heat treatment and at 24 h recovery after the heat stress along with the control. Data are the means of four replicates (±SD). Mean denoted by different letters indicate significant differences between the treatments (P < 0.05). Ascorbate, AsA; dehydro ascorbate, DHA; GSH, reduced glutathione; GSSG, oxidized glutathione.
to the photosynthetic apparatus (Rapacz, 2007) . However, ROS accumulation at recovery was lower than that under heat stress, suggesting that ROS scavenging mechanism effectively functioned to minimize ROS level at recovery (Figure 2) . In addition, increased Y(ND) potentially stimulated the cyclic electron flow (CEF), an alternative electron sink, and its enhancement would decrease the energetic pressure and ROS formation during photochemical reactions Wang et al., 2018) . CEF around PSI is believed to affect NAD(P)H dehydrogenease complex-dependent pathways and suppression of CEF inhibits the D1 protein synthesis and enhances photoinhibition (Yoshioka et al., 2006; Takahashi and Murata, 2008) . This implies that elevated CO 2 can promote PS I photochemistry by alleviating the limitations in both donor and acceptor sides.
The oxidized nicotin amide adenine (NADP + ) is the terminal electron acceptor of the linear electron transport chain that receives electron to generate NADPH to be consumed in Calvin cycle for CO 2 fixation (Farquhar et al., 1980; Strasser et al., 2004; Raines, 2011) . In our experiments, heat stress decreased the ratio of NADP + /NADPH at recovery (Figure 5) , which potentially suppressed Calvin cycle capacity by inhibiting the activation state and activity of RuBisCO, leading to the reduced rate of NADP + regeneration (Li et al., 2016) . It is well known that heat stress-induced reduction in RuBisCO activity is associated with decreased stomatal conductance that limits CO 2 supply and causes photo-damage to PSII via excessive reduction of Q A . Meanwhile, heat stress not only inhibits the synthesis of D1 protein in the PSII RC, but also impedes the repair of PSII (Takahashi and Murata, 2008) . Heatinduced excessive production of ROS could suppress synthesis of D1 protein, which eventually decreases PSII activity and causes imbalance between the generation and utilization of electrons, leading to photoinhibition (Li et al., , 2016 . We may argue that heat-induced excessive production of ROS potentially blocked the electron transport, disrupted redox balance and affected the repair process of PSII (Yan et al., 2013; Brestic et al., 2018) . However, elevated CO 2 maintained a similar ratio of NADP + /NADPH at recovery as of control ( Figure 5 ) which potentially stimulated electron transport and the utilization of light-sourced chemical energy in the Calvin cycle (Yan et al., 2013; Brestic et al., 2018) . The redox poise in photosystems is dependent on multiple factors and maintenance of high ratios of GSH/GSSG and AsA/DHA are crucial for plant tolerance to high temperature (Foyer, 2018; Kaur et al., 2018) . The analysis of ascorbate and glutathione redox state reveals that elevated CO 2 maintained a reduced redox state both under heat stress and at recovery (Figure 6) , which might minimize ROS generation and keep balance between electron generation and utilization (Figures 2, 5) . This homeostasis makes intuitive sense because the products of linear electron transport, ATP and NADPH, are utilized directly in photosynthetic carbon assimilation in Calvin Cycle in a known ratio, in which one molecule of glucose is produced from 6 CO 2 , 18 ATP and 12 NADPH (Raines, 2011) .
In summary, we found that heat stress drastically decreased the net photosynthetic rate (P n ), maximum carboxylation rate (V cmax ), maximum RuBP regeneration rate (J max ) and maximal photochemical efficiency of PSII (F v /F m ) in tomato leaves. However, elevated CO 2 improved those parameters both under heat stress and at recovery. Heat stress also decreased the absorption flux, trapped energy flux, electron transport and energy dissipation per PSII cross section, whereas elevated CO 2 alleviated photoinhibition, damage to photosystems and ROS accumulation. Plants grown at elevated CO 2 maintained a reduced redox state as evidenced by the increased ASA:DHA and GSH:GSSG ratios under the heat stress. Our results shed some light on the mechanisms of plant responses to combined heat stress and elevated CO 2 , and might be useful to exploring proper management strategies for greenhouse vegetable production.
